The electric properties of plant cells are generally examined by measuring the electric potential and resistance between the vacuole and the external medium. The two cytoplasmic membranes, plasmalemma and tonoplast, are necessarily involved in the measurements. Control of the composition of the external medium surrounding the plasmalemma is readily achieved. Control of the internal medium composition in contact with the tonoplast is not easy. However, in giant algal cells this is possible by the vacuolar perfusion technique (cf. 2, 3, 4, 19) . (24) who studied cytoplasmic streaming in tonoplast-free Chara cells. By his method not only the tonoplast but most of the endoplasm was swept away by very rapid perfusion. In our method internal perfusion was performed at low speed and the cell survived for about one day. Active cytoplasmic streaming and membrane excitability were preserved for the first several hours even though the tonoplast was lost.
MATERIALS AND METHODS
Chara australis and Nitella pulchella cells were used throughout this study. They were cultured outdoors in large pots with soil at the bottom. In winter C. australis which can not withstand winter cold was cultured or kept in plastic boxes under artificial illumination in the laboratory. Before the experiments internodal cells were isolated from the adjacent cells and stored in pond water for at least a day.
The electric potential difference (E,0) and resistance (Rvo) between the vacuole and the cell outside were measured by the open-vacuole method (21) . By this method Evo and Rw, are determined without inserting a microelectrode into the cell.
For observation of cytoplasmic streaming, the cell was ligated with strips of polyester thread at both ends after the cell sap was completely replaced with artificial medium through vacuolar perfusion (19) . The cell survived for about one day when incubated in pond water or artificial pond water. Cytoplasmic streaming was observed closely under the microscope.
K and Ca in the whole protoplasm were analyzed flame-photometrically after the cell sap was completely replaced with 330 mM or 350 mM sorbitol solution by vacuolar perfusion (10, 22) . As shown in Fig. 1 an internode (I) was placed on a bench (B) made of polyacrylate resin and two drops (d1, d2) of sorbitol solution were placed on B so as to cover both cell ends (Fig. 1) . After completing vacuolar perfusion, the sorbitol solution drops were removed, and both cell ends bathed in sorbitol solution were cut to avoid possible contamination with ions of the cell sap which was forced out and mixed with sorbitol solution. Next, one end of the remaining cell fragment was fastened with tweezers and the cell content was squeezed out into 0.1 ml of water by gently stroking the cell with a thin polyacrylate resin blade. To extract Ca in the protoplasm, the squeezed-out droplets in 0.1 ml of H2O were mixed with either 0.4 ml of 1 N HNO3 (procedure A) or 0.4 ml of 1mM EGTA of pH 8.0 (procedure B) or 0.4 ml of 5 mM EGTA of pH 7.0 (procedure C). The pH of the EGTA solution was adjusted with Tris-maleate and NaOH. Extraction was conducted for at least two hours.
Concentrations of Ca and K [MO in moles per liter cell volume were calculated by multiplying the concentrations of the ions in the final extraction media with the volume ratio between the extraction media and the cell. The concentration of total Ca in protoplasm ([Cale) was estimated by the following formula:
(1) The pH of APW was 5.6-6.0. The temperature was 20-25•Ž.
RESULTS
Microscopic evidence indicating disappearance of tonoplast. Microscopic observations of cytoplasmic streaming were undertaken in C. australis cells whose vacuoles were replaced with the EGTA-containing solution III or IV ( (Fig. 2, 3) . The endoplasmic drop which lost surface membrane provided chloroplasts with the capacity for rotation. When such a drop was removed from the cell to the same perfusion medium through a second internal perfusion, chloroplasts in the drop continued to rotate. The chloroplast rotated even when only a small part was associated with the endoplasm, with most of the chloroplast being exposed directly to the external medium. When rotating chloroplasts were detached completely from the endoplasmic drop, they showed no rotation. This suggests that some interaction between the chloroplast and the endoplasm is necessary for rotation.
As mentioned earlier cytoplasmic streaming continued at nearly a constant rate for more than 4 h (cf. Fig. 3 ) after the cell sap was replaced with medium III or IV (Table 1) . However, when the vacuole was reperfused with the same perfusion medium after the tonoplast was lost, cytoplasmic streaming was not observed. Addition of Mg2+ to the perfusion medium did not improve the situation (Table 2) . However, Fig. 2 . Rate of cytoplasmic streaming of three cells of C. australis whose cell saps were replaced with the medium containing 3 mM EGTA (III in Table 1 ). Ca content in the protoplasm. Electric characteristics during and after vacuolar perfusion with EGTA-containing media. One characteristic change in electric properties of the cell after replacement of the natural cell sap with EGTA-containing media was a marked increase in electric resistance (R,0). In Fig. 4 , the cell sap of N. pulchella was first replaced with medium I (Table 1 ) by a relatively slow vacuolar perfusion lasting for 2-3 min. After perfusion the cell showed a typical diphasic action potential which is characteristic of N. pulchella cells having vacuolar media of very low Cl--concentrations (9) . Since it was shown that the hyperpolarizing phase of the action potential corresponds roughly to the tonoplast action potential, it may be concluded that the tonoplast was intact even when exposed to solution containing 1 mM EGTA. When the vacuole was again perfused (upward [arrow in Fig. 4 ) with the same medium about 9 min after the end of the initial perfusion, Rvo which was originally 40-50 KS2cm2 tended to increase gradually with time and Evo began to shift to a more negative value. After 3.5 min the second perfusion was stopped (downward arrow in Fig. 4 ). Thereafter Rvo increased further and finally attained a value of 156 K S2cm2 which was about three times as high as the original value. A similar change in Rvo was also observed in C. australis during perfusion with EGTA-medium I with high K+-content. Action potential was not observed in cells with perfusion medium I.
Since the EGTA-containing media disintegrated the tonoplast, Rvo should represent the electric resistance of the plasmalemma alone. The increase in Rvo may indicate a disintegration process of the tonoplast. Broken and solid lines in Fig. 5 show I-V relationships of the cell in Fig. 4 before and after the removal of tonoplast, respectively. In measurement, a slow ramp current lasting for 85 sec was applied. These two curves show that the rectifying action of the plasmalemma was strengthened by removing the tonoplast. After the tonoplast was removed, the plasmalemma showed higher resistance to the inward current and essentially the same resistance to the outward current. When the cell was perfused with media containing less K+ (II, III and IV in Table  1 ), an increase in Rvo was observed more rapidly, i.e., within 10-20 min after the first perfusion (cf. Fig. 6 ). In Fig. 6 the cell exhibited a normal action potential before perfusion (P in Fig. 6 ) where Rvo was low. When Rvo increased after perfusion, the cell showed a prolonged action potential of rectangular shape. During the plateau of the prolonged action potential, the membrane resistance decreased conspicuously. Increased Rvo and the prolonged action potential were observed even when the concentration of free Ca2+ in the perfusion medium was raised to 10-6 M (medium III with 2.49 mM CaCl2, Table 1 ). Perfusion media containing 10-5 M or morCa2+ failed to change the electric properties mentioned above. This may indicate that the tonoplast remained intact at higher Ca2+-concentrations.
In Fig. 7 , a prolonged action potential was induced by an anodal break. When a Fig. 4 before (broken curve) and after (solid curve) the tonoplast was removed with solution I (Table 1) . M. Kikuyama and T. Shimmen brief inward current pulse was applied within 25 sec after the onset of the action potential, the membrane potential shifted to a more negative value during the current supply. After the end of the pulse, the membrane potential returned promptly to approximately the same depolarized level. The subsequent inward current pulse, however, caused a rapid shift of the membrane potential to a level which was more negative than the original resting level. After the end of the pulse, the membrane potential did not return to the depolarized level but remained at the original resting potential level. Disappearance of coupling between action potential and cessation of cytoplasmic streaming in cells lacking tonoplast. It is well known in Characeae cells that the action potential accompanies a sudden cessation of cytoplasmic streaming (8) . However, when the cell lost tonoplast after replacement of the cell sap with EGTA-containing media, cytoplasmic streaming neither stopped nor slowed even though an action potential with a longer duration was elicited (Fig. 8) . This apparent uncoupling of the action potential with cytoplasmic streaming was observed even when the perfusion medium contained 10-6 M free Ca2+ (medium III-10-6 Ca in Table 1 ). (Table 1 ). The duration of perfusion (P) with medium IV was about 1.7 min. Before perfusion the membrane resistance was low and the cell showed spontaneous normal action potentials of shorter duration. After perfusion the membrane potential shifted to the depolarizing direction and elicited a normal action potential, indicatingthat the tonoplast remained intact. With time, however, the membrane potential repolarized again, and at the same time the membrane resistance increased significantly, indicating that the tonoplast was broken. The action potential produced by an electric stimulus had a very long duration (5 min). Fig. 7 . Shift of the membrane potential of C. australis from the depolarized level to the resting level by electric current pulses. The cell vacuole was perfused with medium II (Table 1 ). The first shift of the membrane potential from the resting level to the excited level was induced at the end of the inward current pulse. Within the first 25 sec after excitation, the inward current pulse brought about only an ohmic change of the membrane potential. After about 30 sec, however, a pulse of the same strength caused a shift of the membrane potential from the depolarized level to the original resting level. Fig. 8 . A prolonged action potential of an internode of C. australis whose cell sap was replaced with medium IV (Table 1) . During the response of the action potential, cytoplasmic streaming neither slowed nor stopped. M. Kikuyama and T. Shimmen
DISCUSSION
Recently, Williamson (24) tried to sweep away the flowing endoplasm of Chara corallina together with the tonoplast by perfusing the vacuole rapidly with a highly concentrated (50 mM) EGTA solution. A long-lasting rapid perfusion brought about cessation of cytoplasmic streaming. The streaming was resumed by addition of ATP and Me. This process was observed microscopically by movement of minute granules which remained in the cell and attached to the cytoplasmic fibrils [Kamitsubo's fibrils, (7)] even after strong perfusion.
Our procedure of removing tonoplast is mild, and cytoplasmic streaming continued at a constant rate for at least 3 h (Figs. 2, 3) . In some cells, cytoplasmic streaming was observed one day after cell sap replacement. The rotation of chloroplasts was observed in normal Characeae cells in the streaming endoplasm and in the isolated endoplasmic drops. The rotation was also observed in the endoplasm of tonoplast-free cells. Even when the endoplasm was effused out of the cell, chloroplasts rotated in the endoplasm. Recently, Kuroda and Kamiya (12) also succeeded in tearing off the surface membrane of the endoplasmic drop of Nitellaflexilis without affecting the motility of chloroplasts in the drop.
The present findings on the effects of ATP and Mg2+ on cytoplasmic streaming coincided with those obtained by Williamson (24) . Cells whose vacuoles were perfused twice exhibited active cytoplasmic streaming only when the second perfusion medium contained both ATP and Mg2+ (Table 3 ). The continuation of cytoplasmic streaming for many hours after the first perfusion (Fig. 3) means that Mg2+ and ATP originally contained in the protoplasm can drive the cytoplasmic streaming even when their concentrations in the cytoplasm are lowered after the disappearance of the tonoplast. The fact that 0.1 mM MgATP could support cytoplasmic streaming (Table 3 ) is in accord with the ATP level of Nitella which is 0.04 mM on the basis of total cell volume (5) .
The failure in stopping cytoplasmic streaming at the moment of the generation of the action potential in cells lacking tonoplast seems to have important implications for the mechanism of cytoplasmic streaming. The simplest explanation is that an increase in the concentration of free Ca2+ around the motile fibrils at the sol-gel interface causes the cessation of streaming. Since EGTA inhibits this increase in Ca2+-concentration, the mechanism to stop streaming may not have worked. This possibility is supported by the observation that Ca2+ above 10-6 M strongly inhibits cytoplasmic streaming (24) .
Chara cells whose tonoplasts were removed by the present method maintained not only cytoplasmic motility but membrane excitability. The shape and duration of action potentials of the tonoplast-free cells differed from those of normal cells. The duration of the action potential in the former cells was sometimes very long (5 min in Fig. 6 ). Generation of action potentials in tonoplast-free cells was dependent on the internal concentration of K+. When the Chara cells lost tonoplasts after replacement of the cell sap with media I, II, III and IV, the internal concentration of K+ should be about 110, 10, 20 and 25 mM, respectively (cf. Table 1 and 2). The action potential was observed in most cells whose vacuoles were perfused with media II, III and IV, but the action potential was not observed in the case of cells perfused with medium I. Since normal Characeae cells generate action potentials by electric stimulus even though they contain about 100 mM K+ in the protoplasm (22) , the inexcitability of the plasmalemma in cells with medium I is difficult to explain. In giant axons of squid, the lowering of alkali salt concentrations of the internal perfusion medium is favorable for maintaining membrane excitability (17) and for prolonging the duration of the action potential (16) . In any event, the findings described in Figs. 5, 6, 7 and 8 indicate that the plasmalemma is modified when the tonoplast is removed by introducing EGTA into the cell vacuole. The membrane seems to be more stable at the depolarized state of the action potential in EGTAperfused cells than in normal cells. The shift of the membrane potential from the depolarized level of the action potential to the resting level by the inward current is similar to the abolition of the action potential by the inward current pulse in a single node of Ranvier of frog nerve fiber (14) and in squid giant axon (15) . Conditions for controlling the membrane potential will be dealt with in detail in a subsequent paper (13) .
A marked increase in membrane resistance observed even when the perfusion medium contained abundant K+ in the form of sulfate (medium I in Table 1 ) may be accounted for by the decrease in intracellular C1--concentration after the disappearance of the tonoplast, if C1-carried most of the current applied to the cell to measure membrane resistance. Because of low C1--conductance of membranes of Characeae cells (11, 23) , it is improbable that changes in C1--concentration were responsible for membrane resistance changes. The increase in C1--concentration of the perfusion medium to 30 mM with the addition of KC1 or choline chloride did not inhibit the increase in membrane resistance in Chara australis. It follows then that the membrane of tonoplast-free cells becomes less permeable to H+ or K+, or to both, as both ions are believed to carry most of the electric current applied to norm al cells (11, 23) .
